ABSTRACT. The shape of a distribution of calibrated 14C dates displays spurious peaks and troughs, brought about by changes in the slope of the calibration curve interacting with the spreading effect of the stochastic distribution of counting errors. The distortion results in a positive correlation between the numbers of dates per calendar year and the slopes of the calibration curves, for assemblages of archaeological dates from such widely separated areas as British Columbia, South Australia and New Zealand. The distortion also increases the possibility of date reversals, and increases the overall spread of calibrated 14C dates. After taking into account this systematic distortion and inbuilt age of charcoal and wood samples, we estimate dates for the initial settlement and first appearance of fortifications, and infer a likely trend of population growth for prehistoric New Zealand.
INTRODUCTION
More than 80014C dates of terrestrial and marine samples exist for New Zealand prehistory, which is only ca. 500 yr long (Anderson 1991) . This gives an average of > 1.5 dates per year. 14C dates are important for determining New Zealand settlement, and for dating events such as the extinction of the moa (a very large, extinct, flightless bird of New Zealand) and the first appearance of fortifications.
Calibration of 14C dates using accepted procedures (e.g., Stuiver and Reimer 1993) produces strange results, which have led to fallacious inferences about the chronology of New Zealand prehistory. The distribution of calibrated shell dates is shorter than that of calibrated dates on charcoal and wood. The shell curve has a short "tail" with few dates older than 700 cal BP, and its peaks and troughs are located at different calendar dates than for charcoal and wood (Fig. 1B, C) . For the shell dates, peaks correspond to steep slopes of the marine calibration curve, and troughs, to gentle slopes (Fig. 1A, C) . For charcoal and wood, peaks correspond to steep slopes of the terrestrial calibration curve; troughs correspond to the "wiggles" (Fig. 1A, B) . For charcoal and wood dates, the relation between peaks, troughs and calibration curve wiggles appears to be universal for the Pacific, and also occurs for South Australia and coastal British Columbia. Here we discuss these peculiarities of 14C date calibration in the context of New Zealand prehistory.
METHODS
We use the 1993 marine and terrestrial calibration curves (Stuiver and Braziunas 1993; Stuiver and Pearson 1993) . In each case, we fit a cubic spline to pass through each data point and provide pairs of 14C/calendar dates for each calendar year back to 1400 cal BP. Characteristic wiggles identify sections of the curve where more than one calendar date exists for each 14C date. We call these sections ambiguous regions (Fig. 2) . One can find the boundary of an ambiguous region by projecting from a wiggle maximum a horizontal line forward in calendar time to intercept the calibration curve (Fig. 2: f), and from a wiggle minimum backward in time to intercept the calibration curve (Fig. 2: e) . Boundary values in calendar and 14C years are read off the appropriate calibration curve axis. The "slope" of an ambiguous region is represented by a line between the two points where the horizontal lines intercept the calibration curve. We do not apply a correction to the terrestrial calibration curve to compensate for the apparent offset of 14C between the northern and southern hemispheres (Vogel et a1.1993) . We find the data of Vogel et al. (1993) The distribution curve of dates on short-lived species has far fewer dates > 700 cal BP than the longlived species (Fig. 3 ). The few short-lived species > 700 cal BP are from Central Otago, where dry conditions enhance the survival of dead trees and shrubs. Excluding the long-lived species, the spread of calibrated dates on identified charcoal and wood concurs with the shell dates, and gives an initial estimated date for human settlement of New Zealand of ca. 700-800 cal BP. Graphs of calibrated dates for New Zealand prehistory determined on short-lived (A) and long-lived (B) plant species. Note the far fewer dates on short-lived species older than 700 cal BP, and the contrast in the trend of peak heights with decreasing age.
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The trend of peak heights of the calibrated shell date graph and the corresponding trend of peak heights for all the charcoal and wood dates do not agree. The trend of shell peak heights (Fig. 1) fits better with the trend of short-lived charcoal and wood peak heights (Fig. 3 ). Inbuilt age thus appears to account for the different trend in peak height between the shells and the total set of charcoal and wood dates. The earliest major peak of the calibrated shell dates (ca. 420 cal BP) is later than the earliest major peak of the total set of charcoal and wood dates (ca. 660 cal BP, Fig. 1 ). It will become apparent, below, that the displacement of the earliest major shell peak compared with the earliest major charcoal and wood peak is due to the CSD effect.
The effects of calibration stochastic distortion on 14C date calibration are well known (e.g., Stuiver and Reimer 1989) , and various methods of dealing with them have been proposed (e.g., Geyh 1980; Stolk, Hogervorst and Berendsen 1989; Stuiver and Reimer 1989) . However, these methods are local in that they correct isolated, individual dates or histogram classes. Our analysis of the CSD effect indicates that a global approach is necessary. All dates occurring over a 14C time range equal to at least 4-6 times the counting error (standard deviation) of a typical date need to be corrected as a group. The correction procedure, borrowed from signal processing, will be a deconvolution of the measured 14C distribution from the counting statistics to give the true 14C distribution, which may then be mapped through the calibration curve in the usual way to give a calendar distribution substantially free of CSD effects. Depletion is most striking within the boundaries of the ambiguous regions of the terrestrial calibration curve, and less so within the boundaries of the flatter regions of the marine calibration curve. The effect is responsible for the narrow peaks and wide troughs of the charcoal and wood distribution, but because the flatter parts of the marine calibration curve cover fewer calendar years than the ambiguous regions of the terrestrial curve, the peaks of the shell distribution are wider and the troughs narrower. The peaks and troughs present in the New Zealand charcoal and wood distribution are matched (Fig. 4) in date assemblages of similar age on charcoals from South Australia (Bird and Frankel 1991) and British Columbia (Richards and Rosseau 1987) . In all three locations, the slope of the calibration curve and the numbers of dates per calendar year within and between the ambiguous regions show a very significant positive correlation ( The changes in the numbers of dates per calendar year between ambiguous and non-ambiguous regions could correspond to real changes in human activity in the past, correlation with the slope of the calibration curve being a common response to a factor such as climate. However, this apparent common response, of widely different cultures in different environments, to the geophysical phenomena responsible for variation in the calibration curve, makes us doubtful that this is a true cultural response. An alternative explanation of the CSD effect is that it is a construct of the interaction between changing calibration curve slope and spreading of 14C dates because of counting statistics. The CSD effect is significant when the counting errors of individual 14C dates are comparable with, or greater than, the time intervals over which appreciable changes in slope of the calibration curve occur. Figure 6 illustrates how the effect occurs.
Let line A represent a uniform true calendar date distribution. On mapping through the calibration curve, A becomes the line B, the true 14C date distribution. However, B is statistically spread by counting errors to become line B', the observed 14C date distribution. When B' is mapped back through the calibration curve, it gives A', the apparent calendar date distribution, which differs systematically from A, the true distribution.
The effect is most marked around the ambiguous regions, because that is where changes in slope of the calibration curve are greatest. Distances between the beginnings and ends of ambiguous regions on the 14C scale are between 6.5 and 91 yr ( We do not observe significant change in the outcome when the distribution of dates in calendar time is non-uniform and weighted more than three times in favor of the ambiguous regions.
The simulation shows a tail to the distribution of calibrated dates, which extends back beyond 900 cal BP (Fig. 8) , and is due entirely to the spreading effect of the standard errors. The tail is present in some simulations and absent in others. It indicates that the true beginning of a distribution of calibrated dates is likely to be younger than its histogram shows. The slight tail to the shell distribution, between 700 and 900 cal BP (Fig. 1) , is almost certainly statistical in origin.
IMPLICATIONS OF INBUILT AGE AND THE CSD EFFECT FOR NEW ZEALAND PREHISTORY
The CSD effect makes it very difficult to determine the true calendar distribution of dates. Many of the peaks and troughs in both the charcoal and wood and the shell distributions are likely to be a function of the calibration curve. In the archaeological dates used here, the first high peak of the charcoal and wood distribution is unmatched in the shell distribution, which has a much smaller initial peak. Comparison with the distribution of short-lived charcoal and wood dates (Fig. 3) (Davidson 1984) . The earlier settlement date requires only a small founding population and a reasonable growth rate to reach the population size estimated by the first European explorers (Davidson 1984) , whereas the later date requires either an unreasonably high growth rate (Brewis, Molloy and Sutton 1990) (Anderson and McFadgen 1990) , strongly supports return voyages to Polynesia. Also, the discovery of a pearl shell fishing lure in an archaeological site at Tairua on the Coromandel Peninsula (Green 1967) in deposits dated several hundred years after first settlement (McFadgen 1994) , strongly suggests more than one voyage to New Zealand from Polynesia. Eastern Polynesians 700 yr ago appear to have kept contact between island groups (Irwin 1992) , so knowledge of the discovery of New Zealand was probably shared by more than one island group. Early archaeological evidence in New Zealand displays distinct cultural differences between different parts of the country (Davidson 1984) , which is consistent with settlement from different parts of eastern Polynesia.
The CSD effect may distort interpretations of events following human settlement of New Zealand. True calendar dates for samples below the minimum turning point of an ambiguous region ( 14C dates that are older (Fig. 10A: e-f ). Measured 14C dates, which are estimates of the true dates, are spread by their counting statistics, in some cases, beyond the boundaries of the ambiguous regions (cf. Fig. 6 ).
In extreme cases, two events may have measured 14C dates that are not only reversed with respect to their true calendar age, but that also fall outside the boundaries of the ambiguous regions and are significantly different. In Figure 10B , the probability that the measured 14C date of b' will fall outside the older boundary of the ambiguous region (e.g., at c') is indicated by the shaded part of the bellshaped error curve and is greater than the probability of its falling outside the younger boundary. Similarly, the probability that the measured 14C date of a' will fall outside the younger boundary (e.g., at d') is greater than the probability of its falling outside the older boundary. The closer each true 14C age is to the boundary of the ambiguous region, the more likely it is that the measured 14C age will lie beyond the boundary. For true 14C dates lying on their respective boundaries, the maximum probability that both measured dates will lie outside their respective boundaries is 0.25.
Distortion of this sort produced by the CSD effect may account for young dates on moa bones (Fig.  11 ) and for old dates on fortifications (Fig. 12) . Calibrated dates for moa bones are as young as 300 cal BP, which would be expected if moa hunting stopped at 450 cal BP, shortly after the start of the ambiguous region that occurs between 459 and 312 cal BP on the terrestrial calibration curve. To illustrate this, we assumed that the end of moa hunting was 450 cal BP. We took a uniform sample of calendar dates at 5-yr intervals between 660 and 450 cal BP and their corresponding true 14C dates, and assigned each 14C date a standard error of 67 yr (the average for the moa bone dates). Using the true 14C dates and their assigned standard errors, we generated a simulated set of measured dates. The spread of the calibrated simulated dates matches the spread of the calibrated measured 14C dates (Fig. 11) , from which we conclude that the observed moa bone dates could have been generated from samples no younger than 450 cal BP.
To illustrate the distortion of the fortifications' dates, we included dates with inbuilt age; 6514C dates on charcoal and wood are stratigraphically contemporary with some aspect of fort construction or use, and all but 11 have an unknown and possibly large inbuilt age. We excluded dates older than Although there is a gap of 70 yr between the oldest true calendar date for fortifications needed to account for the spread of measured dates and the youngest true calendar date on moa bone needed to account for the spread of measured moa bone dates, the calibrated measured dates overlap by > 200 yr. This overlap is caused by the spreading effect of the ambiguous region of the terrestrial calibration curve between 459 and 312 cal BP. The corresponding spread of dates in the marine calibration curve is somewhat less than for charcoal and wood, as illustrated by shell dates for fort construction or use (Fig. 13) .
To illustrate the spread of dates on the marine calibration curve, we included measured dates on samples which, although taken from fortifications, may stratigraphically antedate fort construction. ( Fig. 13) , indicating that the observed shell dates for fortifications could have been generated from samples no older than 450 cal BP. The difference between the oldest calibrated measured date for forts and the oldest true calendar date necessary to account for the spread of measured dates demonstrates the smaller spread on the marine calibration curve. For marine shell dates, the difference is ca. 70 yr; for charcoal and wood dates, ca. 180 yr.
Although some of the charcoal and wood samples for dating fortifications have inbuilt ages, and some of the shell samples may be stratigraphically older than defense construction, they indicate that the first appearance of forts is unlikely to be earlier than 450 cal BP, and may possibly be no older than 380 cal BP.
From the above, the first forts appear about the time the inferred trend of population growth (Fig. 9) begins to level off. This suggests an expected scenario: 1) settlement of a new land with abundant resources; 2) population explosion; 3) limitation by resources; and 4) eventual fortification to defend scarce resources. The CSD effect applies to all disciplines that use 14C dates and to all parts of the calibration curve that have wiggles or changes in slope. The effect is apparent in the peaks of the estimated pre-censal population graph for Hawaii that Dye and Komori (1993, Fig . 3 ) based on an annual frequency distribution for some 600 charcoal dates. These authors are correct to ignore the minor variations of their graph; now that we know the source of the variations, it may be appropriate to rework their data.
The CSD effect is accentuated for older dates because of generally larger standard errors. To obtain accurate distributions of calendar dates, the true 14C distribution is required. One should obtain the true 14C distribution from the observed 14C distribution by deconvolution from the counting error distribution, which reduces the spread of 14C dates and, when mapped through the calibration curve, evens out the troughs and peaks and shortens the tail of the calendar distributions. This applies whether the dates are archaeological, geological or the basis for the calibration curve itself. One can then obtain the true calendar distribution of dates from the true 14C distribution by using the calibration curve in the normal way. The CSD effect is present any time a non-linear transformation, combined with significant statistical spreading of observed data, is used to predict the value of a second variable. This is not necessarily restricted to 14C dating. CONCLUSIONS 1. Inbuilt ages of old wood used for fires and sampled for 14C dating add to the distribution of archaeological dates a "tail", which may extend for several hundred years before the event being dated. 2. After excluding charcoal and wood likely to have inbuilt ages, the date of settlement of New Zealand indicated by dates on charcoal and wood is close to that indicated by dates on shells: ca. 700 cal BP. 3. The shape of the distribution of calibrated 14C dates is distorted by a CSD effect and displays spurious peaks and troughs, which are more extreme in the distribution of charcoal and wood dates than in the distribution of shell dates. After allowing for the CSD effect, we infer from the shell dates that the prehistoric population in New Zealand grew to a maximum ca. 400 cal BP and then leveled off. 4. The CSD effect increases the spread of calendar dates, enhances the possibility of date reversals, and causes some dates for events occurring within ambiguous regions to fall outside these regions. In general, the spread of dates on shells is less than the spread of dates on charcoal and wood. After taking the CSD effect into account, the first appearance of fortifications indicated by shell dates is unlikely to have been earlier than 450 cal BP, and as indicated by charcoal and wood dates, may have been no earlier than 380 cal BP. 5. The effects described in this paper show that many dates for an event are preferable to few dates, and where possible dates on both terrestrial and marine samples should be obtained. We are undertaking further research to reduce the spreading caused by the CSD effect and to refine the calibration of i4C dates.
